Structures like towers and industrial chimneys are quite vulnerable to the vortex shedding phenomenon, due to their slenderness and non-aerodynamic form. Furthermore, due to their low structural damping, these structures are also more likely to reach large displacement amplitudes, which is caused by the lock-in effect. Although these structures are considered simple from the structural and aerodynamic viewpoints, the study of crosswind vibrations in these structures is quite complicated, as it involves the interaction of complex topics of fluid and structural mechanics, turning a reliable determination of the structural response into one of the most complicated problems in Wind Engineering. Because of that, this study aimed to compare some methods for predicting the response due to the vortex shedding phenomenon using full scale data from industrial chimneys. The chosen methods, which are exposed in codes and standards like Eurocode, National Building Code of Canada and CICIND Model Code for Steel Chimneys, derive from the Ruscheweyh's correlation length model and the Vickery & Basu's spectral mathematical model. In addition, these methods are also compared to three proposals made for the Brazilian Wind Code. This study concludes that the methods based on the Vickery and Basu's model work better for large displacement amplitudes.
Introduction
Cross-wind forces caused by the vortex shedding phenomenon have been considered as a significant excitation mechanism for towers and chimneys. In some situations, the magnitude of cross-wind forces defines design specifications. Although these structures are considered simple from the structural and aerodynamic viewpoints, the determination of their structural response, even after some decades of study, is considered one of the most complicated problems in Wind Engineering.
During the 1980 decade the two most accepted models by the scientific community were proposed, which are the Ruscheweyh's correlation length model, and Vickery & Basu's spectral mathematical model. Both models consider motion-induced loads, but the way each model takes aeroelastic effects into account differs considerably. The first model often underestimates the displacement of the top of the structures when it has a small mass•damping relation (small Scruton number), but the second one overestimates it. Regarding small amplitude vibrations, both models work similarly.
Being incapable of reaching ultracritical Reynolds numbers, wind tunnels must use simulation techniques in order to obtain the desired flow. Therefore it is necessary to get measurements from In order to simplify things, the methods presented in this paper consider only coefficients for circular cross-section and that the wind velocity is always equal or under the critical velocity . Besides, it is considered that all structures are vibrating in their fundamental frequency, and that they all have a Strouhal number equal to 0,2.
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The vortex shedding phenomenon
In many non-aerodynamic bodies, like chimneys, towers and even some high-rise buildings, alternated vortex may shed, which have a well-defined frequency. These vortex are called Kármán vortex and create periodical forces in the cross-wind direction. Doing a vector analysis, the crosswind direction forces occur in the frequency of each pair of vortex, while the forces in the alongwind direction occur in the frequency of a single vortex. These forces tend to produce oscillations in the direction they act. However, along-wind forces are small comparing to across-wind forces, and in a fluid like the air, oscillations in the flow direction rarely occur. Even the circular cylinder being the most studied section, this phenomenon may occur in other sections, like triangular, rectangular and other sections with sharp corners.
For a well-defined vortex shedding phenomenon occurrence on a structure, according to Blessmann (2005) , its section should be curved or polygonal and it must have a considerable slenderness. Also, it is necessary a great shedding correlation over the whole body and the flow should be almost smooth. In practice, there are many causes that could prevent the vortex shedding correlation, like the wind profile or the diameter variation. According to Dyrbye and Hansen (1997) , the pattern of a flow with only a vortex shedding frequency is idealized, which in practice does not happen due to the air turbulence.
The Strouhal number is one of the most important parameters in the vortex shedding analysis.
It depends on the shape of the structure, on the movement of the body, on the superficial roughness, on the Reynolds number and on the flow characteristics. This parameter states a relation between the frequency of the shedding of one pair of vortex , a characteristic dimension of the structure (in the case of a tower or chimney, the diameter ) and the wind velocity . This relation may be observed in Eq. (1):
When using the natural frequency of the structure and the suitable for the cross-section, Eq.
(1) gives the critical velocity , which is the velocity in which the phenomenon starts.
Another parameter of great importance is the Scruton number . This parameter is known as mass•damping parameter, and states a relation between the mass of the structure and the mass of the flow in which the structure is immersed. The Eq. (2) shows the Scruton number:
In which is the equivalent mass per unit length, as defined in Eq. (3); is the critical structural damping ratio; is the fluid's specific mass, the air in this case.
In which ℎ is the total height of the structure; ( ) is the mass per unit length; ( ) is the mode shape of the structure. Another important parameter is the Reynolds number, that consists in the ratio of the inertial forces and the fluid's viscosity. The Reynolds number is given by Eq.
(4), in which is the kinematic viscosity of the fluid.
The lock-in effect
The movement of the cylinder exerts some control over the shedding of vortices, causing not only the observation of oscillations in the critical velocity, but also in other velocities near (mainly higher velocities). This phenomenon is also known as capture, synchronization or lock-on.
When the flow velocity increases or decreases, so that the vortex shedding frequency approaches the fundamental frequency of the structure, and the cylinder oscillates, the vortices begin to shed in the natural frequency of the structure, and according to Ruscheweyh (1994) , does not follow the Strouhal law anymore, being constant over a specific range of speeds.
The two models studied in this paper differ considerably in the way they consider the fluidstructure interaction. In the spectral model it is considered the action of two uncorrelated forces: the forces generated by vortex shedding considering the structure at rest, and the forces correlated to the movement or the aerodynamic damping forces. These two last forces are linear function and selflimited by the displacement. In the correlation length model, the excitation generated by the vortex shedding considering a steady structure is modeled as sinusoidal forces acting over a single cell of vortices located at the top of the structure. The fluid-structure interaction is considered by a nonlinear and self-limited by the equivalent cell increase, depending on the vibration magnitude.
The predicting methods

The Eurocode's first method (EM-I)
The Eurocode (2010) 
In which ̂ is the peak response of the top of the structure; is the constant of the mode shape, equal to 0,133 for = ( ℎ ⁄ ) 2 , which is the chosen modal shape for towers and chimneys;
is the effective correlation length factor; is the lift force coefficient, given by Figure 1 . It is also noted that in this study is considered that = ,0 . The Eurocode (2010) provides a reduction for ,0 depending on the location wind speed. Since we cannot compare the location wind speed with the critical wind speed, we have chosen not to reduce the lift coefficient. The effective correlation length factor for structures like towers and chimneys may be obtained by Eq. (6):
In which is the correlation length, according to Table 1 ; is the slenderness ratio ℎ⁄ . 
This is an iterative method, so, in order to obtain the response prediction, it is necessary to do the 
The first proposal for the Brazilian Wind Code (BWC-I)
This proposal is based on Ruscheweyh's model and is exposed in Blessmann (2005) and revised in Paluch (1999) . This proposal considers different Strouhal numbers for different Reynolds numbers, but for purpose of comparison we are only considering Strouhal equal to 0,2. The only difference between this method and the Eurocode first method is in the coefficients (Eq. 7), (Eq. 8) and . For ≤ 2 • 10 5 , = 0,6; for > 2 • 10 5 , = 0,2. Another difference is that the iteration starts in = 2.
The NBC of Canada method (NBCC)
This code procedure was the first made based on the Vickery & Basu's model (Vickery and Basu 1983a; 1983b) . The 1985 version of de code was chosen, because the new one does not have a procedure to predict the response of chimneys and towers due to the vortex shedding phenomenon anymore. The NBCC (1985) procedure also varies the Strouhal number with Reynolds, but it is only considered Strouhal equal to 0,2 in this study. This procedure is not capable to quantify the displacement (or force) in structures with small Scruton numbers, because it only works with structures in the forced vibration zone with small amplitudes.
Also, it is necessary to take note that this method gives the answer in terms of the equivalent force in the top third of the structure and not the response in terms of displacement, as shown in Eq.
(9):
Where is a parameter that depends on , , , the turbulence and the peak factor ; is a parameter that represent the aerodynamic damping. It is necessary to note that this code procedure considers the average mass over the top third of the structure instead of . It is a simplification that changes the response just a little, and since we do not have all the data from the analyzed chimneys (including the mass distribution over the tower) we will consider as in this procedure.
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Since Eq. (9) offers the response in terms of F, we need to convert the equation. Considering that in a single degree of freedom system = (2 ) 2 ̂ and that = ⁄ , by substituting them in Eq. (9) is given the Eq. (10):
The recommendations of this method are that, for most cases, = 0,6 and that = 3 for > 16, and = 3√ 4 ⁄ for < 16. When < 10 m/s and > 16, = 1,2 and = 6.
The NBCC (1985) also gives coefficients and for tapered structures.
The second proposal for the Brazilian Wind Code (BWC-II)
This proposal was made by Paluch (1999) , considering the simplified method of Vickery and Basu, exposed in Vickery and Basu (1983a; 1983b) . This proposal only works in the small amplitudes zone and also cannot be used to design structures with low Scruton numbers. The peak displacement of the top of the structure is given by Eq. (11):
This procedure varies and with the ratio = (ℎ) (0) ⁄ . For > 0,5, = 0,7 and = 0,6. Since this study does not use tapered structures in its comparative examples, the expressions for < 0,5 are not shown.
As this proposal states that for < 3 • 10 6 , = 1,2, when calculating it should also be considered that this procedure multiplies by 1,14.
The Eurocode's second method (EM-II)
This second method is based on Vickery and Basu's model. However, it takes into account the considerations made by Vickery and Basu (1983a; 1983b) regarding the large amplitudes vibration zone. Since this method works both in the forced vibration and in the large amplitudes zones, the peak factor should vary, and the peak response in terms of displacement is given by Eq. (12).
Where is the standard deviation of the top displacement of the structure. For large amplitudes = √2 and for small amplitudes = 3,9. The Eurocode (2010) uses the expression proposed by Ruscheweyh and Sedlacek (1998) for the peak factor. This equation is shown in Eq.
(13) and allows a smooth transition between the vibration zones.
The standard deviation of the displacement of the top of the tower is given by Eq. (14), complemented by the following Eqs. (15)- (16): 
In which means the normalized limit amplitude, which is 0,4 for structures like chimneys and towers. The coefficients and are shown on 
The CICIND method
The CICIND method is almost the same comparing to the Eurocode's second method. The only difference between them is regarding the peak factor, the coefficients and , and the reduction factor for based on the turbulence intensity 1 . The considered peak factor, according to CICIND (2002a) is equal to 1,5 when > 0,04 ⁄ and equal to 4 when < 0,04 ⁄ . The Table   3 shows the coefficients and depending on the Reynolds number. 
In which ( 1 ) is a coefficient that depends on the turbulence intensity. 
The third proposal for the Brazilian Wind Code (BWC-III)
The third proposal for the Brazilian Wind Code is also based on the Vickery & Basu's model, but it is more like the Eurocode's second method and the CICIND method, because it considers the large amplitude vibrations. It is exposed in Grala (2016).
As on these two methods, the response of the structure in terms of displacement is given by Eq.
(12), and the standard deviation of the displacement is given by Eq. (19):
In which is a damping parameter, being simply the ratio between structural and aerodynamic damping. is given in Eq. (20). The parameters and are shown on Table 4 , and both take into consideration their variation with Reynolds number and turbulence intensity (through the wind critical speed, as on the CICIND and NBC of Canada methods). 
For structures with ≥ 1,05, the Eq. (19) may be simplified to Eq. (22):
The peak factor is given by Eq. (23), which is a simplification of the Ruscheweyh and Sedlacek's peak factor proposal.
Results
This chapter presents the application of each of the presented methods in 42 real structures, with full-scale data. The structures were chosen following the criterion of low Scruton values. Besides, the normalized displacement of the top of a large part of the chosen structures exceeds 5%, being this amount the upper limit of the forced vibration zone. In other words, a large part of the chosen structures suffered the lock-in effect.
The Table 5 noted that in the two cases that BWC-III underestimated the response, the error rates were 1% and 3%, while in the other methods the predicted responses were 2,5 (EM-II) and 4 (CICIND) times less than the measured data.
In the columns situated under 'Vickery & Basu (small amplitudes)' it is possible to observe the incapacity of these methods in predicting the response of structures with low mass-damping rate.
For the presented cases, for both methods, only two responses were predicted in safety.
The Table 5 only shows the summary of the measured and predicted responses. It is better to take a global look of how the methods work. In this table, cells in gray represent when the method is in favor of security. The reference for each presented structure follows: struct.
(1) -Ruscheweyh (1994); struct. (2) - Ruscheweyh and Galemann (1996) ; struct. (3)- (8) (12)- (14) and (17) and (38)- (40) -Hansen (1998); struct. (15)- (16) and (18) (25)- (26) -Hirsch and Ruscheweyh (1975) ; struct. (27)- (28) and (31)- (32) and (37) and (41) 
Analisis and conclusions
From the analysis of the comparison results exposed on section 4, it is possible to observe that the correlation length model often underestimates the top displacement of the structure. As this model allows the design of low Scruton structures, it is not recommended its use without proper attention. For structures with Scruton number over 20, the response predictions are so reliable as those predicted with the Vickery & Basu model, because after this Scruton value, the vibration tend to be in the small amplitudes zone.
As stated before, the Vickery & Basu model can be used in two ways, one considering only in the forced vibration zone, and another considering the structure in both the forced and the large vibration zones. The NBCC and BWC-II allow the design only of high Scruton structures.
Therefore, a more embracing approach could be the use of the EM-II, the CICIND method and the BWC-III. These three methods obtained the best results, as seen in section 4, allowing the design of low Scruton structures with safety.
However, by looking at the exposed results, it is possible to conclude that these three methods overestimate the responses. This may not be true, because in some cases the phenomenon has not Revista Sul-Americana de Engenharia Estrutural, Passo Fundo, v. 15, n. 2, p. 46-67, mai. /ago. 2018 58 occurred completely or in its full magnitude during the observation period. The examples 2 (Ruscheweyh and Galemann 1996 and 15 (Langer et al. 1996 apud Verboom and van Koten 2010 are from the same structure, but observed at distinct periods. In example 2, ̂⁄ = 0,154, while in example 15, ̂⁄ = 0,38. The same structure was continuously observed by Galemann and Ruscheweyh (1992 ) between 1987 and 1990 , being the peak response equal to ̂⁄ = 0,14. This allows to conclude that the methods are not overestimating the response, since the lock-in effect can reach a top displacement of 40% of the diameter of the structure, even if this value was not measured in the determined observation period. 
